Abstract-We report a distributed Bragg reflector silicon evanescent laser operating continuous wave at 1596 nm. The lasing threshold and maximum output power are 65 mA and 11 mW, respectively. The device generates open eye-diagrams under direct modulation at data rates up to 4 Gb/s.
(DBR) lasers occupy a different design space where longer cavities can be employed to reduce the device thermal impedance and increase output powers. We demonstrate here a DBR-SEL where passive silicon gratings are placed on both sides of the active region in order to form a wavelength selective cavity. The 600-m-long asymmetric cavity allows for 96% of its 11.5-mW output power to exit one side of the device. We also present test results of direct digital modulation at 2.5 and 4 Gb/s.
II. DEVICE STRUCTURE
The DBR-SEL is fabricated on the hybrid silicon evanescent waveguide platform as described in [5] . Fig. 1(a) and (b) shows the waveguide cross section of the passive silicon waveguide and the hybrid silicon evanescent waveguide regions, respectively. The silicon waveguide has a width, height, and rib etch depth of 2, 0.7, and 0.5 m, respectively. This results in silicon and quantum well confinement factors of 66% and 4.4% in the hybrid region.
The device topography [ Fig. 1(d) ] consists of two passive Bragg reflector mirrors placed 600 m apart to form an optical cavity. The back and front mirror lengths are 300 and 100 m. The surface corrugated gratings are formed during silicon processing prior to wafer bonding through e-beam lithography. SU-8 is used to clad the gratings since they have a low index of 2.11 while providing a low capacitance dielectric barrier for the device contacts. The gratings have an etch depth and duty cycle of 25 nm and 75%, respectively, leading to a grating strength, , of 80 cm . The grating was measured on grating test structures by measuring the transmission spectra stop band extinction ratio for grating lengths , of 50, 100, and 300 m. The power reflectivity of the gratings can be calculated using the following expression [7] : resulting in power reflectivities of 97% and 44% for the back and front mirrors, respectively.
A 440-m-long silicon evanescent gain region and two 80-m-long tapers [ Fig. 1(c) ] are placed inside the cavity. The tapers provide an adiabatic transition between the passive silicon regions and the silicon evanescent waveguide regions by varying the width of the upper III-V layers along the length of the taper, reducing the reflection, and allowing for low loss coupling ( 1.2 dB) between these two regions [5] . The tapers are electrically driven in parallel with the gain region in order to minimize absorption.
III. EXPERIMENTAL RESULTS
The continuous wave laser output power is measured with an integrating sphere at the front mirror of the laser. The front mirror output power-current-voltage (L-I-V) characteristic is shown in Fig. 2 . The device has a lasing threshold of 65 mA, a maximum front mirror output power of 11 mW, leading to a differential efficiency of 15%. The taper transmission loss can have a significant impact on the threshold current and therefore it affects many important laser characteristics such as wall plug efficiency and resonance frequency. If we use our estimations of the material and laser properties, calculations show that the taper loss of 1.2 dB increases the threshold current by a factor of 2 due to the accumulated loss through four taper transitions in one round trip through the cavity. We estimate that a reduction in the single pass taper losses to 0.5 dB would reduce this factor to 1.2. The laser operates up to a stage temperature of 45 C. The kinks in the LI are from mode hopping and will be discussed later. The device has a lasing turn-on voltage of 2.6 V and a series resistance of 11.5 . The lasing spectrum is shown in The device has a free spectral range (FSR) of 0.47 nm, which corresponds to a group index of 3.86 based on the sum of the physical cavity length and mirror penetration depths of 61 and 42 m. The sidemode suppression ratio is 50 dB. Fig. 4 shows the lasing spectrum as a function of drive current along with the corresponding L-I curve. Note that the output power in this case is fiber coupled, which is 5 dB lower than the total output power measured earlier in Fig. 2 . It can be seen that as the device heats with larger current injection, the lasing mode moves to longer wavelengths due to the thermooptic effect in the cavity. When the mode moves far enough from the reflection peak, a longitudinal mode hop to another mode occurs. The mode hopping appears to be chaotic between stable mode positions and the reason for the exact hopping pattern we observed is unknown at this time.
We measured the modulation characteristics of the device by using a bias-T to drive the laser simultaneously with a dc bias current and an radio frequency (RF) signal while measuring the electrooptic (EO) response on a photodetector. Fig. 5 shows the photodetected EO response of the laser combined with all connected components under small signal modulation ( 10 dBm). S11 measurements indicate that the electrical contact geometry is not limiting the performance of the device, so reflected power has not been factored out of these curves. A 2-pF device capacitance was extracted from the S11 measurement, resulting in an RC limited bandwidth of 7 GHz. Fig. 5 (inset) shows the resonance frequency versus the square root of dc drive current above threshold, which has a roughly linear dependence as expected. Under higher modulation powers the resonance peak becomes significantly dampened. The 3-dB electrical bandwidth at 105 mA is 2.5 GHz.
We directly modulated the laser biased at 105-mA dc current with a 2.5 Gb/s, 2 1 PRBS electrical signal with 20 mW of RF power. The resulting eye diagram is shown in Fig. 6(a) . The extinction ratio is 8.7 dB and the fiber coupled output power is 0.7 mW when cooled to 18 C. Although the output power and modulation bandwidth increases at higher dc currents, the peak-to-peak (P-P) current swing corresponds to a lower P-P output power swing at higher current biases (Fig. 2) . This leads to lower extinction ratios at higher current biases unless larger RF modulation powers are used. For example, Fig. 6(b) shows an eye diagram at 4 Gb/s that can be obtained with a dc bias of 135 mA and an RF power of 39 mW. However, in this case the extinction ratio (ER) is closer to 5.5 dB. Improving the laser design to decrease the threshold current and increase the differential gain is expected to significantly improve the modulation bandwidth in future devices. Fig. 7 shows characteristics of the eye diagrams under different operating conditions. Depending on network requirements, different operating points could be chosen to minimize power dissipation. The differences between uncooled operation and operation at 18 C result from differences in the output power for a given dc bias. The discontinuity in the data near 105 mA occurs due to a mode hop (Fig. 4) . The modulation characteristics change significantly on either side of the hop, indicated by the need for a higher RF power to maintain the same ER. We believe this change is related to the detuning from the reflectivity peak [8] , which changes signs before and after mode hops.
IV. CONCLUSION
We demonstrated a DBF laser on the hybrid silicon evanescent platform operating at 1596 nm with a sidemode suppression ratio of 50 dB. The laser operates continuous wave with a lasing threshold of 65 mA and maximum output power of 11 mW at 15 C. The laser generated open eye diagrams with extinction ratios of 8.7 and 5.5 dB for data rates of 2.5 and 4 Gb/s, respectively. These output characteristics are comparable to commercially available lasers. We believe this device is an attractive option for a directly modulated laser to be integrated with silicon electronics and arrayed waveguide gratings in order to create low cost, scalable, silicon wavelength division-multiplexed transmitters.
